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Abstract. This paper is devoted to the study and the characterization of novel magneto-optical waveguides
prepared via organic-inorganic sol-gel process. Thin silica/zirconia ﬁlms doped with magnetic nanoparticles
were coated on glass substrate using dip-coating technique. After annealing, samples were UV-treated. Two
diﬀerent techniques were used to measure their properties: m-lines spectroscopy and free space ellipsometry.
Results evidence low refractive index waveguides that combine a low modal birefringence (2×10−4) with a
Faraday rotation around 15 ◦/cm (φ = 0.1%). The low birefringence is obtained with a soft UV treatement
and a graded intrinsic anisotropy is evidenced for ﬁlms thicker than 5 µm. Therefore, we prove that the
organic-inorganic sol-gel approach is very promising to realize magneto-optical waveguides with a non-
reciprocal functionality such as TE-TM mode conversion.
PACS. 78.66.Sq Composite materials  78.20.Fm Birefringence  78.20.Ls Magneto-optical eﬀects
1 Introduction
Magneto-optical waveguides constitute the basic element
to realize integrated devices that have a non reciprocal
functionality such as optical isolator and circulator. Iso-
lator stabilises laser oscillations by preventing the back-
ward travelling light from re-entering into the laser cav-
ity [1]. Circulators separate output and input ports in bi-
directional data transmission [2]. Several components have
already been made using magnetic Yttrium Iron Garnet
(YIG) deposited on a Gadolinium Gallium Garnet (GGG)
substrate. In spite of interesting properties [3], they cannot
be easily integrated with standard fabrication technologies
because of the high value of the annealing temperature
of the magnetic iron garnet and because of the speciﬁc
characteristics of GGG which is not commonly used in
integrated optics technologies based on III-V semiconduc-
tor, silica, silicon and polymer [4]. Moreover, the garnet
material possesses a high refractive index value (n≈ 2.2
@ 1550 nm). Thus, the single-mode condition imposes a
thickness smaller than 1 µm which leads to a non-eﬃcient
coupling into optical ﬁbers [5]. Therefore, the development
of new magneto-optical materials having a low refractive
index (≈1.5) and compatible with integration technologies
is currently an active area of research [6]. Interesting ef-
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fects have been demonstrated in semiconductor magnetic
material [7]. In our work, we explore an alternative way to
achieve magneto-optical thin ﬁlms for the conception of
integrated magneto-optical planar waveguides. They are
made of magnetic nanoparticles doped silica-type matrix.
This approach is justiﬁed by two main points:
 The low temperature process (<120◦) used to realized
thin ﬁlms is fully compatible with integrated compo-
nents technologies: no high temperature process is nec-
essary to obtain the magneto-optical activity of the
ﬁlm.
 Contrary to classical magneto-optical thin ﬁlms, this
refractive index range is close to that of glass-type in-
tegrated components (1.5-1.6).
Previous results have shown the potentiality of such a
material [8]. However, the magneto-optical conversion of
the components was limited by a too important value of
the matrix birefringence and by a too low intrinsic Fara-
day rotation of the nanoparticles [8]. In this article, we
present the possibility to improve theses properties by us-
ing an organic-inorganic sol-gel matrix and cobalt ferrite
(CoFe2O4) nanoparticles. This paper is organised as fol-
lows: at ﬁrst, we present the fundamental properties of
magneto-optical waveguides; i.e. intrinsic Faraday rota-
tion, phase mismatch and TE-TMmode conversion. Then,
the process used to realize hybrid sol-gel ﬁlms doped with
cobalt ferrite nanoparticles is detailed. Characterization
2 Please give a shorter version with: \authorrunning and \titlerunning prior to \maketitle
techniques are brieﬂy presented. The main part deals with
experimental results about the behavior of the refractive
index, the index proﬁle or the birefringence as a function
of several parameters such as the zirconium rate, the kind
of treatment and the ﬁlm's thickness. Then, a qualita-
tive observation of the light propagation is presented. The
speciﬁc Faraday rotation is detailed later. Discussion and
conclusion are ﬁnally given.
2 Magneto-optical waveguides
Magneto-optical functionality in planar waveguides is based
on the non reciprocal polarization conversion observed on
a light beam in a material submitted to a longitudinal
magnetic ﬁeld. This non reciprocal eﬀect can be observed
through the TE-TM mode conversion. The maximum rate
of mode conversion is expressed as [9]:
R =
θ2F
θ2F + (∆β/2)2
(1)
where θF (
◦/cm) is the speciﬁc Faraday rotation of
the material constituting the waveguide. ∆β (◦/cm) is the
phase mismatch between TE and TM modes : ∆β=2pi∆
Nm/λ, where ∆Nm is the diﬀerence between the TE and
TM eﬀective index for mode number m, and λ is the light
wavelength. In the case of a planar waveguide that pos-
sesses a step index proﬁle, this modal birefringence ∆Nm
is composed of a geometric birefringence ∆Ngeo and an
intrinsic birefringence ∆ni, ∆Nm=(∆Ngeo)m+∆ni [10].
∆Ngeo ﬁnds its origin in the geometrical design of the
waveguide. It increases with the mode number. It depends
also on the ﬁlm's thickness and on the diﬀerence between
the refractive index of the ﬁlm and the substrate [10]. ∆ni
is the diﬀerence between TE and TM ﬁlm's refractive in-
dex. It is due to the intrinsic residual stress in the sol-gel
material. In our case, ∆Ngeo is relatively low compared to
∆ni. Consequently, decreasing ∆ni is a way to reduce the
modal birefringence ∆Nm in order to improve the conver-
sion eﬃciency.
3 Synthesis and fabrication
The sol-gel process is based on hydrolysis and conden-
sation reactions of liquid precursors [1113]. The sol de-
scribed in this paper is composed of a photopolymerisable
organically modiﬁed silicon alkoxide, zirconium alkoxide
and methacrylic acid. Zirconium alkoxide is added to the
solution for two reasons. Firstly, to vary the refractive in-
dex of the ﬁlm in order to meet the fundamental waveg-
uide condition : ﬁlm's refractive index must be higher than
the substrate's refractive index (PyrexTM : n=1.47 @ 633
nm) [14,15]. Secondly, to improve the mechanical proper-
ties of the ﬁlms such as the material elasticity that allows
the realization of crack-free transparent coatings [11,16].
The elaboration of the thin ﬁlms by the sol-gel process is
reported on Fig.1.
Sol synthesis
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(MAPTMS), Zr(OR)4
Filter (0.2 m)
Dip-coating
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2
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Fig. 1. Elaboration protocol of thin ﬁlms.
The photopolymerisable silicon alkoxide, methacryloxy
trimethoxysilane (MAPTMS 99% / H2C=C(CH3)CO2(CH2)3
Si(OCH3)3) was partially hydrolyzed and condensed with
an aqueous solution of hydrochloric acid (10−2 M) as a soft
catalyst. The molar ratio of the water to the MAPTMS
is 0.75. As the zirconium precursor (normal zirconium
propoxide Zr(OC3H7)4 / 70% wt. in 1-propanol) is very
sensitive to water, it has to be complexed by methacrylic
acid (MAA) to avoid precipitation. The molar concentra-
tion of the sol constituents respects the following propor-
tion: 10: i: i (i=1, 2, 3 or 4). For exemple, 10:1:1 should
be read as 10 mol MAPTMS, 1 mol Zr(OR)4, 1 mol MAA.
Prehydrolysed MAPTMS and complexed zirconium propox-
ide were stirred together for one hour. Hydrolysis and
condensation of the remaining silicon alkoxide function-
alities and zirconium propoxide was made by the addition
of water. The molar ratio of the water to the silicon and
zirconium alkoxide is 1.5. A photoinitiator (IRGACURE
651 / 2.2-dimethoxy-2-phenylacetophenone) was added to
start the polymerisation under UV-light exposure. The
molar concentration MAPTMS: IRGACURE is 1: 0.025.
Finally, to obtain a magneto-optical material, a magnetic
ﬂuid was added in the sol. It is made of Cobalt ferrite
(CoFe2O4) nanoparticles grafted with a gradient copoly-
mer poly(sterene)-g-Poly(Acrylic Acid), PS-g-PAA in iso-
propyl alcohol/water solution in volume ratio of 0.7/0.3.
The mixture was passed through a 0.2 µm ﬁlter in order
to obtain a clear sol.
PyrexTM substrates were rinsed in ﬂowing distilled
water. Rinsing with ethanol and drying with air com-
pleted the procedure. Using the dip-coating technique,
thin ﬁlms were deposited at diﬀerent withdrawing speeds.
Then, ﬁlms were immediately prebaked at 60◦C (or with-
out prebaked and passed into next step) in air during 60
min to partially eliminate the organic residual in the min-
eral network. Finally, to lead to the creation of the or-
ganic network by photopolymerisation of the methacrylate
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groups (break the carbons double covalent bonds C=C),
two possibilities exists for the UV-light exposure. The ﬁrst
is a strong treatment with a UV source light having a den-
sity of 1000 mW/cm2 (ORIEL 350W high-pressure mer-
cury arc lamp). The second possibility is a soft treatment
using a UV source light (UVLS-28 EL series UV Lamps)
having a density of 1 mW/cm2 for two wavelengths 365
nm and 254 nm respectively.
4 Characterization techniques
M-lines spectroscopy and ellipsometry are the two diﬀer-
ent techniques used to determine the optical and magneto-
optical properties of waveguides such as the refractive in-
dex value and its proﬁle, the thickness, the modal bire-
fringence and the speciﬁc Faraday rotation. M-lines spec-
troscopy is a very precise technique to determine the re-
fractive index of the ﬁlms (the refractive index can be
obtained with precision of 10−3) [17]. It consists in focus-
ing a laser beam on a prism placed in contact with the
ﬁlm [18,19]. By application of a load to the prism, optical
coupling into the ﬁlm can be obtained for only particular
angles. These angles are synchronous with the propaga-
tion modes: dark lines are thus observed in the light beam
coming out from the prism. Using these synchronous an-
gles, we can determine the mode eﬀective indexes by the
relation [20]:
Nm = npsin
(
AP + arcsin(
sinθm
np
)
)
(2)
where np and Ap are respectively the refractive index
and the angle of the prism. The measurement of the eﬀec-
tive index NTE and NTM gives the modal birefringence
∆Nm=(NTE)m-(NTM )m. When the waveguide has two
modes or more, the refractive index nTE and nTM and
the ﬁlm's thickness h can be determined, using a numeri-
cal adjustment based on a step refractive index proﬁle [18].
Then, the intrinsic birefringence ∆ni can be also deter-
mined using the following formula: ∆ni=nTE-nTM . Fur-
thermore, the refractive index proﬁle can be reconstructed
from the Nm values by a numerical adjustment based on
the Iterated Wentzel-Kramers-Brillouin method "IWKB"
[21,22]. Ellipsometry is a free space analysis of the light
state of polarization and allows the measurements of opti-
cal linear or circular anisotropy. In our case, a linearly po-
larized light is passed through the sample with a direction
perpendicular to the ﬁlm plane and under the inﬂuence
of a longitudinal magnetic ﬁeld. Thus, the Faraday eﬀect
induces a rotation of the state of polarization θF . The
determination of this angle is made with a null ellipsome-
ter based on a sinusoidal Faraday modulator associated
with a lock-in ampliﬁer [23,24]. The high angle resolution
(0.001◦) of this null ellipsometer apparatus has allowed us
to demonstrate the Faraday rotation of our samples whose
thickness is around 5 µm.
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Fig. 2. Refractive index proﬁle (refractive index versus depth
x) for three diﬀerent thickness. Undoped samples were UV-
treated, during 10 min for each wavelength. The power density
of UV-light is 1 mW/cm2. The measurements were made at
633 nm.
5 Experimental results
5.1 Refractive index
The conception of waveguides for integrated photonic ap-
plications requires the control of their refractive index.
Therefore, we are interested by the inﬂuence of the ﬁlm's
thickness on the index proﬁle of the waveguide. Fig.2 il-
lustrates three diﬀerent index proﬁles. They correspond to
three diﬀerent ﬁlm's thickness 5, 7.2 and 9.5 µm obtained
using three diﬀerent withdrawing speeds. The index pro-
ﬁles construction were performed with the IWKB method,
using the eﬀective indices obtained by M-lines at 633 nm.
This graph evidences the dependence of the refractive
index proﬁle on the ﬁlm's thickness. Up to 5 µm, the
waveguide has got a step index proﬁle. Above 5 µm, the
proﬁle tends to be graded. The polymerization reaction
under UV-treatment does not seem to be homogenous for
high thickness. It may be due to the fact that UV-light
cannot penetrate to the bottom of the ﬁlm whose thick-
ness is higher than 5 µm [25]. Therefore, the step refractive
index proﬁle's condition requires fabrication of thin ﬁlms
that have a thickness lower than 5 µm.
The refractive index evolution of silica/zirconia ma-
trix versus zirconium rate in the solution is also reported
on Fig.3. The results were obtained on undoped thin ﬁlms
which were UV treated during 30 min, using a light source
that has a power density of 1000 mW/cm2. The measure-
ments were performed using the M-lines spectroscopy at
three diﬀerent wavelength 633, 820 and 980 nm Thus,
the graph shows the refractive index for 9% (10:1:1), 17%
(10:2:2) and 28% (10:4:4) of zirconium rate. It proves that
increasing the zirconium concentration is a way to increase
signiﬁcantly the refractive index. This result is useful to
adjust a refractive index value which satisﬁes the waveg-
uiding condition.
The refractive index evolution versus UV-light expo-
sure time is summarized in Fig.4. The samples were made
of 10:1:1 sol. They were prebaked at 60◦C during 60 min
and UV treated at 365 nm and 254 nm wavelength re-
spectively with diﬀerent exposure times. The UV-light
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Fig. 3. Variation of the refractive index versus zirconium rate.
Undoped samples were UV-treated during 30 min, using the
light source of 1000 mW/cm2 of power density. The measure-
ments were made using M-lines spectroscopy at 633, 820 and
980 nm.
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Fig. 4. Variation of the refractive index as a function of UV-
light exposure time. Undoped samples were prebacked during
60 min at 60◦C. The measurements were performed with M-
lines spectroscopy at 633 nm.
presents a low power density which is 1 mW/cm2. Finally,
the samples that possess a thickness around 5µm were
characterized using M-lines spectroscopy at 633 nm.
At 2 min of UV-light exposure for each wavelength,
the refractive index of the ﬁlm was measured to be 1.5.
Increasing UV-exposure time, the refractive index of the
ﬁlm's waveguide increases, reaching its maximum value of
1.512 after 20 min for each wavelength. This evolution of
the refractive index is due to the polymerization of the
organic network under UV-light exposure. After 20 min
for each wavelength of UV-light exposure, the refractive
index keeps its maximum value and remains constant. The
result is typically similar to that reported by [26,27].
The eﬀect of the sol-gel layers aging on the ﬁlm re-
fractive index was also studied. Three undoped samples
were UV-treated at 365 nm and 254 nm respectively dur-
ing three diﬀerent exposure times : 2, 7 and 20 min for
each wavelength.
The variation of the ﬁlm's index as a function of layers
aging (number of days after deposition) for diﬀerent expo-
sure times are depicted in Tab.1. This table indicates that
during 18 days, the refractive index of the ﬁlm UV-treated
for a short duration such as 2 and 7 min is increased, while
Table 1. Evolution of the refractive index versus age of ﬁlms
that were UV-treated at three diﬀerent durations. Undoped
samples were prebaked at 60◦C during 60 min. The measure-
ments were made using M-lines spectroscopy at 633 nm.
hhhhhhhhhhhhhAge
UV-exposure time
2 min 7 min 20 min
0 day 1.500 1.506 1.511
18 days 1.508 1.509 1.511
26 days 1.508 1.509 1.511
5 mm
Fig. 5. The light propagation into a doped waveguide, at 820
nm. The sample was UV-treated at 1000 mW/cm2 during 30
min. The photo was taken with a CCD camera.
those treated during 20 min for each wavelength remains
approximately constant. After 8 more days, the refractive
index of each of the three samples keeps the same value.
For a short duration of UV-treatment, polymerization re-
action cannot be ﬁnalized. Then, during theses 26 days
ﬁlm was exposed to a natural light and the polymerization
reaction continued to lead to the formation of the organic
network. In summary, realizing a waveguide that has an
invariable refractive index requires soft UV treatment (1
mW/cm2) during 20 min for each wavelength.
5.2 Propagation loss
The optical quality of waveguides can be checked by visu-
alizing of the light propagation.
Fig.5 presents the photo of the light propagation in a
doped sample. The sample was UV-treated during 30 min,
using the light source of 1000 mW/cm2. The light was cou-
pled into the thin layer using a prism coupling apparatus
and photo was taken by a CCD camera. The photo proves
the absence of cracks and defects which can damage the
light propagation. Moreover, it shows a distance of light
propagation around 1.5 cm. The organic network adds a
ﬂexibility to the global organic-inorganic matrix constitut-
ing the waveguide. Thus, the waveguide presents a good
optical quality and is cracks free even if it is thick [16].
5.3 Birefringence
As mentioned in the second section, the TE-TMmode con-
version is aﬀected by the birefringence. A speciﬁc study
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Table 2. Variation of the intrinsic birefringence ∆ni as a func-
tion of UV-light exposure time. Undoped ﬁlms were prebaked
at 60◦C during 60 min. Strong and soft should be read respec-
tively as 1000 mW/cm2 and 1 mW/cm2 of power density.
Kind of UV Intrinsic
UV-treatment exposure time Birefringence
Strong 15 min 6× 10−4
Soft 5 min 1× 10−5
Soft 10 min 2× 10−5
Soft 20 min 2.5× 10−4
has been leaded to minimize this parameter. Therefore,
the evolution of the intrinsic birefringence∆ni versus power
density and UV-exposure time is reported in Tab.2. The
samples were respectively strongly UV-treated
(1000 mW/cm2) during 15 min and softly UV-treated (1
mW/cm2) during 5, 10, and 20 min for each wavelength.
The measurements were made at 633 nm, using M-lines
spectroscopy.
The table proves that the birefringence of the material
depends on the UV light power and exposure time. The
increase of theses two parameters induces an increase of
the ﬁlm's birefringence. In magneto-optical waveguides,
one needs to reduce this birefringence. To do so, UV light
power and exposure time should be reduced as much as
possible. But, according to the results of section 5.1, a too
short UV time exposure will lead to unﬁnalized layer and
moving refractive index. So, using a soft treatment during
a long duration of UV-treatment such as 20 min for each
wavelength is the way to realize the better samples, with
a birefringence around 2× 10−4 and a stabilized index.
To complete this study, it appeared interesting to work
precisely on the inﬂuence of the ﬁlm's thickness on the
birefringence. Two samples were particularly tested, these
samples having extremum values of their thickness: 4.8 µm
and 13 µm. For each sample, the evolution of the measured
modal birefringence has been plotted as a function of the
mode number, and their refractive index proﬁle has been
calculated using the IWKB method. The results are gath-
ered respectively in ﬁg.6 and ﬁg.7, for the 4.8 µm and 13
µm sample. The ﬁg.6 shows, for the thinner sample, that
the modal birefringence increase as a function of the mode
number, and the refractive index has a step index pro-
ﬁle (n≈1.515 and h=4.8 µm). This increase of the modal
birefringence is identical to that of the geometric birefrin-
gence calculated using the obtained value of n and h, and
for each mode one can write∆Nm=(∆Ngeo)m+∆ni with a
constant value of the intrinsic birefringence ∆ni=2×10−4.
Thus, the refractive index and the anisotropy of the ﬁlm
are homogenous.
The thicker sample has very diﬀerent behavior. Indeed,
the evolution of the modal birefringence, reported on ﬁg.7,
evidences that it remains almost constant for each mode,
and that the refractive index possesses a graded index pro-
ﬁle. Based on this graded proﬁle, the geometric birefrin-
gence has been calculated using the WKB method and
plotted on the ﬁg.8. The graph shows that it increases as
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Fig. 6. Evolution of the measured modal birefringence versus
mode number m for an undoped sample that has a thickness
around 4.8 µm. The graph in the inset presents the sample's
step index proﬁle determined by IWKB (see Fig.1).
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Fig. 7. Variation of the modal birefringence as a function of
the mode number m for the thicker undoped sample (h=13
µm). The graph in the inset presents the sample's graded index
proﬁle.
a function of the mode number, with an evolution really
diﬀerent to that of the measured modal birefringence.
As a consequence, the simple equation∆N=∆Ngeo+∆ni
can not be written for each mode with a constant value
of ∆ni. Based on the idea that the energy of modes with
low m is much more conﬁned close to the surface that the
energy of modes with large m, we have supposed that his
ﬁlm should possess an intrinsic birefringence whose value
decreases with the ﬁlm depth. Such a graded anisotropy
is depicted in ﬁg.9.
Using this graded anisotropy and the graded index pro-
ﬁle, the modal birefringence has been calculated for each
mode with the WKB method and the results are reported
on ﬁg.10. This graph shows a quite-invariant value of the
modal birefringence: 6.9×10−4, in qualitative good agree-
ment with the experimental value of ﬁg.7 (7×10−4).
Therefore, this speciﬁc study proves that the invariant
value of the modal birefringence is due to the intrinsic bire-
fringence which decreases as a function of the ﬁlm depth.
This result is consistent with those obtained on the in-
ﬂuence of the UV treatment on the refractive index: the
power density of the UV light irradiation diminishes with
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Fig. 8. Evolution of the geometric birefringence, calculated
with the WKB method for the graded proﬁle, as a function of
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Fig. 9. Variation of the theoretical model of the intrinsic bire-
fringence as a function the ﬁlm's depth.
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Fig. 10. Variation of the calculated modal birefringence as a
fucntion of m. Assuming a graded index proﬁle and a graded
anisotropy (ﬁg.9), the modal birefringence of the thicker sam-
ple was calculated using the WKB method.
the ﬁlm's depth, so, the less are the refractive index and
the intrinsic birefringence.
Finally, to obtain a ﬁlm completely ﬁnalized with an
homogenous index and an homogenous and small bire-
fringence, we should use a long but soft UV treatment
associated to a thickness less than 5 µm.
Table 3. The birefringence of the fundamental mode and its
composition mineral and organic-inorganic sol-gel ﬁlm. The
mineral ﬁlm was thermal treated at 500 ◦C during 30 min. The
Strong organic-inorganic ﬁlm was Thermal and UV treated
with a light source of 1000 mW/cm2. The soft organic-inorganic
ﬁlm was dried at 60 ◦C during 60 min and UV-treated during
20 min for each wavelength with a power density of 1 mW/cm2.
Mineral Organic-inorganic Organic-inorganic
(without UV) Strong UV Soft UV
n 1.57 1.5-1.54 1.5-1.54
h 1.9 µm 3-6 µm 3-6 µm
∆N0 3.7×10−3 6× 10−4 3× 10−4
∆Ngeo 3×10−4 1× 10−5 1× 10−5
∆ni 3.4×10−3 5.9× 10−4 2.9× 10−4
5.4 Comparison between hybrid and mineral sol-gel
ﬁlm
Table 3 presents a simple comparison of the intrinsic bire-
fringence of waveguides elaborated via organic-inorganic
hybrid sol-gel process and those made of mineral sol-gel
process (studied by F. Royer et al. [8]). It also gives a com-
position of the fundamental modal birefringence ∆N0 in
geometrical part ∆Ngeo and intrinsic part ∆ni, assuming
a homogenous intrinsic anisotropy. The mineral thin ﬁlms
were fabricated from a sol-gel preparation of non pho-
topolymerisable methyltriethoxysilicate (MTEOS) and tetra-
buthylorthotitanate (Ti(OBu)4) with a mixed solution of
C2H5OH and diluted HCl (see [8] for details).
This table conﬁrms that, in each case, the geometri-
cal birefringence is relatively low compared to the intrin-
sic one and that the intrinsic birefringence is the source
component of the modal birefringence (around ∆N0). The
main result is that the intrinsic birefringence of soft treated
hybrid matrix is ten times lower than that of pure min-
eral one: around 3 × 10−4 compared to 3 × 10−3. This
point is really important to realize magneto-optical mode
conversion in a waveguide.
5.5 Faraday rotation
Fig.11 reports the Faraday rotation of a hybrid sol-gel thin
ﬁlm doped with cobalt ferrite nanoparticles (CoFe2O4).
It has been measured using the free space ellipsometry
at 820 nm wavelength. This value is known to give the
large magnitude of the Faraday rotation combined with a
good transparency of cobalt ferrite nanoparticles [28]. The
doped sample was made of one sol-gel layer deposited on
PyrexTM . It was UV-treated during 30 min, using a power
density of 1000 mW/cm2. Its refractive index and its thick-
ness were measured using the M-lines spectroscopy. They
are respectively 1.525 and 2.9 µm thick.
The obtained curve has a nonreciprocal behavior typi-
cal of the Faraday eﬀect. The saturated magnitude at high
ﬁeld is about 15 ◦/cm. This value indicates that the vol-
ume fraction of nanoparticles in the ﬁlm is about 0.1%.
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Fig. 11. The speciﬁc Faraday rotation of a 2.9 µm thick sam-
ple versus longitudinal applied magnetic ﬁeld. The sample was
strongly UV-treated during 30 min. The measurement were
performed using free space elliprometry at 820 nm. Points are
experimental measurements. The line is a guide for the eyes
with a langevin behavior.
In order to evaluate the magneto-optical capacities of the
matrix doped by CoFe2O4 nanoparticles, we calculate the
ﬁgure of merit which is expressed as :
θF
α
(3)
where θF (◦/cm) and α(cm−1) are respectively the spe-
ciﬁc Faraday rotation and the loss coeﬃcient. For a loss co-
eﬃcient around 8 dB/cm, measured by a gray-scale anal-
ysis (see section 5.2), the ﬁgure of merit value is evaluated
at 2◦.
Previous results have shown a Faraday rotation about
29 ◦/cm for a 2% maghemite nanoparticles volume frac-
tion in thin ﬁlms elaborated via mineral sol-gel process [8].
They, have also shown a ﬁgure of merit for the nanopar-
ticules that varies between 0.3◦ and 0.8◦ [29]. By com-
parison, our lasts results conﬁrm that organic-inorganic
sol-gel ﬁlms doped by cobalt ferrite are very promising to
realize a magneto-optical waveguide. Furthermore, these
results demonstrate the capacity to realize magneto-optic
material whose refractive index is close to that of many
optical components 1.52. This property is a key parameter
to realize highly compatible magneto-optical waveguide.
6 Discussion
Our study proves that metallic oxide thin ﬁlms made by
an hybrid organic-inorganic sol-gel process and doped by
cobalt ferrite nanoparticles present a magneto-optical ac-
tivity. Theses ﬁlms have a low modal birefringence of the
order of 2× 10−4 for the fundamental mode. This value is
ten times lower than that of precedent ﬁlms made of a pure
mineral matrix [16]. To obtain such a low birefringence
a special attention has been paid to the treatment pa-
rameters. Best results are obtain with a long but soft UV
exposure. This kind of treatment gives a low intrinsic bire-
fringence ∆ni combined with a ﬁnalized and stable thin
ﬁlms. Compared to pure mineral matrix, organic network
adds to the ﬂexibility of the ﬁlm [16], and serves to reduce
the intrinsic birefringence ∆ni. Such ﬁlms should be used
as TE-TM mode converter, which is the basic element of
optical isolators. But, for the time being, the magnitude
of the expected conversion is two low to be used in a com-
ponent : R=0.2% with θF = 15 ◦/cm, ∆N=2× 10−4 and
λ=820 nm. However, this value is around hundred times
higher than the expected value of mineral thin ﬁlm doped
with Maghemite nanoparticles : R=0.2% to be compared
to R=0.01% [8]. The diﬀerence is mainly due to the lower
modal birefringence of organic-inorganic thin ﬁlms. This
improvement of the value of the expected TE-TM conver-
sion is really rewarding and shows that this way to real-
ize magneto-optical conversion is promising. The current
value of the expected conversion is limited by the too low
particle volume fraction in the ﬁlm, φ= 0.1%, which gives
a saturated intrinsic Faraday rotation of θF = 15 ◦/cm. In
order to achieve a TE-TM conversion value about ten per
cent or more, the volume fraction φ should be increased to
a value of the order of 1-2%. This is the subject of ongoing
works led by the research team.
7 Conclusion
We have described the fabrication of low index magneto-
optical planar waveguides on PyrexTM substrate. Films
are composed of an organically modiﬁed silica/zirconia
matrix doped by cobalt ferrite nanoparticles. The refrac-
tive index, the birefringence and the speciﬁc Faraday rota-
tion were measured. The inﬂuence of several elaboration
parameters have been studied. The results demonstrate
that the magneto-optical activity of the ﬁlms is around
15 ◦/cm. It is associated to a low modal birefringence
(2× 10−4). This low value is due to the use of an organic-
inorganic matrix treated with a long but soft UV exposure.
However, the expected TE-TM conversion is too low to be
used in an integrated components. In order to improve the
properties of these waveguides, the nanoparticles volume
fraction has to be increased. This is the subject of ongoing
works.
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